We report the observation of anomalous peak structures induced by hybridized magnon-phonon excitation (magnon polarons) in the magnetic field dependence of the spin Peltier effect (SPE) in a Lu2Bi1Fe4Ga1O12 (BiGa:LuIG) with Pt contact. The SPE peaks coincide with magnetic fields tuned to the threshold of magnon-polaron formation, consistent with the previous observation in the spin Seebeck effect. The enhancement of SPE is attributed to the lifetime increase in spin current caused by magnon-phonon hybridization in BiGa:LuIG.
I. INTRODUCTION
Magnetoelastic coupling (MEC), the interaction between spin waves (magnons) and lattice waves (phonons), was first investigated more than half a century ago [1] [2] [3] and has renewed attention in spintronics . By the MEC, magnons and phonons, in the vicinity of the crossings of their dispersion relations, are hybridized into quasiparticles called magnon polarons that share mixed magnonic and phononic characters [6, 8, [10] [11] [12] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . Magnon polarons can convey spin information with velocities close to those of phonons, much faster than the magnon velocities in the dipolar magnon regime [7, 8, 14, 15] . Besides, thanks to the long-lived phononic constituent, magnon polarons may have longer lifetimes than pure magnons and can enhance the spin-current related phenomena, such as the spin Seebeck effect [10-12, 17, 21-23, 29] and spin pumping [20] .
The spin Seebeck effect (SSE) [31] refers to the generation of a spin current (J s ) as a result of a temperature gradient (∇T ) in magnetic materials with metallic contacts. In the SSE, a magnon flow in a magnet is converted into a conduction-electron spin current at the magnet/metal interface and detected as a transverse electric voltage via the inverse spin Hall effect (ISHE) [32, 33] . Recent experiments have revealed that small asymmetric peak structures appear in magnetic fielddependent (longitudinal) SSE voltages, which are interpreted as the enhanced spin current caused by the longlived magnon-polaron formation [10-12, 17, 21, 29] . The peaks show up at magnetic fields H at which the phonon dispersion curves become tangential to the magnon dispersion, i.e., when the magnon and phonon frequencies ω, wave numbers k, and group velocities become the same. Under these "touching" conditions, the magnon and phonon modes can be coupled over the largest volume in k-space (see Fig. 2 of Ref. [11] ), such that the phase space portion over which the lifetimes of spin current are enhanced with respect to the uncoupled situa- tion is maximal, leading to the enhancement of the SSE [10, 11] .
In this study, we explore the magnon-polaron features in the spin Peltier effect (SPE), the reciprocal effect of the SSE, referring to the heat-current generation as a result of a spin current [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] . According to the Boltzmann transport theory [11] , the bulk spin-transport coefficients for the SSE and SPE are linked by the Onsager reciprocal relation, so that similar small magnon-polaron peaks may show up also in the SPE. However, experi- mentally measured quantities are not the bulk transport coefficients, and thereby whether or not the hybridization peaks appear in the SPE is a nontrivial problem, which should be addressed experimentally. Nevertheless, there has been an issue to explore it; a measured SPE signal itself is usually very small. When measuring the SPE electrically by a thermocouple, the detected voltages are ∼ 10 2−3 times smaller than the typical SSE electric voltages measured via the ISHE [31, 34, 38] . Here, to overcome this issue, we use a Bi-and Ga-substituted lutetium iron garnet Lu 2 Bi 1 Fe 4 Ga 1 O 12 (BiGa:LuIG) film that exhibits large magnon-polaron peaks in SSE voltages [eight times greater than conventional Y 3 Fe 5 O 12 (YIG) films at room temperature, mainly due to its reduced magnon lifetime compared to YIG] [29] . By careful measurements, magnon polarons turned out to manifest as peaks in magnetic field-dependent SPE signals, as with the SSE. Our results provide an important step towards a complete physical picture of magnon-polaron transport in magnetic insulators. Figure 1 (a) shows a schematic of the SPE in a paramagnetic metal (PM)/ferrimagnetic insulator (FI) junction, where the PM (FI) is Pt (BiGa:LuIG) in the present study. The SPE appears as a result of a spin current induced by the spin Hall effect (SHE) in PM [34, [36] [37] [38] . When a charge current J c = J cŷ is applied to the PM, a spin current J s = J sx is generated and creates a nonequilibrium spin accumulation µ s at the PM/FI interface [32] [33] [34] [36] [37] [38] 
II. EXPERIMENTAL PROCEDURE
where θ SHE is the spin Hall angle of PM. By the interfacial spin-exchange coupling, µ s causes a nonequilibrium magnon creation or annihilation scattering; when µ s is parallel (antiparallel) to the equilibrium magnetization (M) in FI, the number of magnons in FI is increased (decreased). This process accompanies a heat flow J q between the PM/FI and thereby modulates the system temperature. The SPE-induced temperature modulation ∆T SPE satisfies the following relation [36] [37] [38] 
We prepared a Pt(5 nm)-strip/BiGa:LuIG(3 µm) bilayer film, where the numbers in parentheses represent the thickness. The single-crystalline BiGa:LuIG (100) film was grown by liquid phase epitaxy on Gd 3 Ga 5 O 12 (GGG) (100) substrate (a 2 × 1 × 0.5 mm 3 rectangular shape). Before the Pt deposition, the BiGa:LuIG/GGG was cleaned with acetone in an ultrasonic bath and then cleaned with so-called Piranha etch solution (a mixture of H 2 SO 4 and H 2 O 2 at a ratio of 1:1) to remove organic matter attached to the BiGa:LuIG surface [45] . Subsequently, the Pt strip was sputtered on the BiGa:LuIG (100) surface by DC sputtering in an Ar atmosphere. The length and width of the Pt strip are 2 mm and 0.1 mm, respectively. (blue plots, left vertical axis) and ∆T peak (gray plots, right vertical axis) at the peak field H peak . (d) T dependence of H peak . The ∆T values are estimated by the relation ∆T = ∆VTC/STC, where STC is the T -dependent Seebeck coefficient of TC. The data for 250 K ≤ T ≤ 325 K (100 K ≤ T ≤ 225 K) was obtained by averaging 6-times (12-times) repetition measurements [that took ∼ 1 day (∼ 2 days) for the data acquisition; see also Ref. [46] and Sec. B of SM [47] ].
To measure the SPE-induced temperature modulation, we follow the experimental method shown in Ref. [38] . We first attached an E-type thermocouple (TC) on top of the middle of the Pt strip by pasting GE-varnish thinly [ Fig. 1(a) ]. Hence, the TC wire is electrically insulated from but thermally well connected to the Pt layer. Then, the TC wires were connected to a nanovoltmeter (Keithley 2182A) via conductive wires, while the ends of the 2-mm-long Pt strip were connected to a current source (Keithley 6221). The magnetic field H (with magnitude H) was applied in the film plane and perpendicular to the Pt strip, i.e., H ||ẑ in Fig. 1(a) , except for the control experiment shown in Fig. 3(d) , where H ||x. For the electric detection of the SPE, it is important to exclude the large contribution from the Joule heating of the Pt layer [36] [37] [38] . To this end, we applied a square-wave charge current J c with amplitude ∆J c [ Fig. 1(b) ] and measured the TC voltage V TC that responds to the change in the J c polarity, Fig. 1(c) ] and does not overlap in ∆V TC , enabling the electric detection of the SPE. The TC voltage V high (V low ) was recorded after the time delay t delay of 10 ms [38] and accumulated by repeating the process of the J c -polarity change from 10 5 to 10 6 times for each H point [see Fig. 1(c) ] to improve the signal-to-noise ratio and discern very tiny magnon-polaron signals (as small as sub-nanovolts) [46] . ∆V TC can be converted into the corresponding temperature value ∆T (= ∆V TC /S TC ) by the Seebeck coefficient of the E-type TC S TC . Further details on the measurements are shown in Sec. A of Supplemental Material (SM) [47] .
III. RESULTS AND DISCUSSION
We first checked the appearance of the conventional SPE signals in the present Pt/BiGa:LuIG sample at the temperature of T = 300 K and a low-H range, |µ 0 H| < 10 mT. Figure 2(a) shows the H dependences of ∆V TC for several ∆J c values. With the application of ∆J c , clear ∆V TC signals appear and the sign of ∆V TC changes when the H direction is reversed. Figure 2(b) shows the ∆J camplitude dependence of ∆V TC at µ 0 H = 8 mT. The ∆V TC intensity is proportional to ∆J c . These results confirm that ∆V TC is generated by the SPE; the former result is attributed to the change of the SPE-induced heat-current J q direction with respect to the relative orientation between the spin accumulation µ s of Pt and magnetization M of BiGa:LuIG [see Eq. (2)], while the latter result is due to the fact that µ s , the driving force of the SPE, scales with J c [see Eq. (1)].
We then applied a relatively high magnetic field to the sample, |µ 0 H| < 0.8 T, and measured the H dependence of ∆V TC with the intervals of 10 mT. Figure 3 (b) displays the measured ∆V TC (H). We observed a fine asymmetric peak structure at µ 0 H peak ∼ ± 0.4 T on top of the flat background signal. A magnified view of the ∆V TC -H curve for ∆J c = 10.0 mA is shown in Fig. 3(c) , where the anomaly is marked by a blue triangle. The peak height ∆V peak TC is as small as ∼ 1.2 nV, corresponding to the temperature change of ∆T peak ∼ 0.02 mK, but the structure is fully reproducible. We confirmed that the peak disappears when J c = 0.0 mA [ Fig. 3(c) ] and also when the H is applied perpendicular to the film plane [H ||x, see Fig. 3(d) ], consistent with the characteristics of the SPE [Eq. (2)]. Besides, the peak amplitude ∆V peak TC was found to scale with ∆J c [see Fig. 3(e) ]. These results suggest that the anomaly is intrinsic and stems from the SPE.
Importantly, the peak appears for the field H TA at which the magnon dispersion curve of BiGa:LuIG touches the TA-phonon dispersion curve, as with the magnonpolaron anomaly observed in the SSE measurement [29] . For BiGa:LuIG, the acoustic magnon dispersion reads
where γ is the gyromagnetic ratio, the Dirac constant, S the spin of Fe 3+ (S = 5/2), a (J ad ) the nearestneighbor distance (inter-sublattice exchange constant) between Fe a-and d-sites, and A, B, and C the constants determined by the occupation ratio of Fe 3+ in the octahedral and tetrahedral sites of BiGa:LuIG [29] . On the other hand, the phonon dispersions read ω = c TA(LA) k, where the c TA(LA) is the phonon sound velocity for the transverse-acoustic (TA) [longitudinal-acoustic (LA)] mode and determined as c TA(LA) = 2.9 km/s (6.2 km/s) [29] . At a low H (∼ 0), the magnon branch intersects the TA-phonon branch twice [see Fig. 3(a) ]. By increasing H, the magnon branch shifts toward high frequencies due to the Zeeman interaction (∝ µ 0 H), while the phonon branch remains unchanged. When H becomes µ 0 H TA ∼ 0.4 T, the TA-phonon branch becomes tangential to the magnon dispersion [see Fig. 3(a) ]. For H > H TA the branches are apart from each other. At the touching condition H = H TA , the largest overlap region between the magnon and phonon dispersion curves leads to the maximal magnon-polaron formation [10, 11] . Furthermore, the observed peak shape is close to that observed in the SSE measurement [29] . These suggest that the observed peak is attributed to the magnon-polaroninduced SPE enhancement. The peak intensity relative to the background signal is ∼ 6 %, in reasonable agreement with that observed in the SSE (∼ 10 % [29] ).
We carried out systematic T dependence measurements. Figure 4(a) shows the measured ∆V TC (H) for the various sample temperatures of 100 K ≤ T ≤ 325 K with ∆J c = 10.0 mA. At all the T values, clear SPE signals were observed. In Fig. 4(b) , we plot the T dependences of ∆V TC (blue plots) and the corresponding ∆T values (gray plots) at µ 0 H = 0.085 T (< µ 0 H TA ). When The gray scale bar in (b) represents ∆T = 0.01 mK. The ∆VTC peaks at HTA and HLA are marked by blue and red triangles, respectively. The magnon-polaron signal at HTA is clearer than that shown in Fig. 4 (a) (for 100 K). This stems from the improved signal-to-noise ratio for Fig. 5(b) by the increased data accumulation time; the data was obtained by averaging 30-times repetition measurements [that are the highest accumulation number in the present work and took ∼ 7 days for the data acquisition (note that the H range is also increased compared to that for Fig. 4(a) ), see also Ref. [46] ].
T is decreased from 325 K, the SPE-induced ∆T takes a broad maximum around 250 K and it monotonically decreases by further decreasing T . The T dependence is qualitatively consistent with the previous results on the SSE in Pt/YIG films [50] [51] [52] [53] . Importantly, as marked by the blue triangles in Fig. 4(a) , magnon-polaron-induced peaks are also visible on top of the smooth background at specific field values H peak . The peak field H peak shifts toward lower values by decreasing T [see Figs. 4(a) and 4(d) ]. This behavior is consistent with the magnonpolaron SSE in Pt/BiGa:LuIG films [29] (see Sec. B of SM, where the previous magnon-polaron SSE peak fields are shown as a function of T [47] ) and attributable to the T dependence of the stiffness parameter (∝ J ad ) of the magnon dispersion [29] . Besides, the magnon-polaron peak amplitude ∆V peak TC , or ∆T peak , tends to decrease with decreasing T [Fig. 4(c) ], in agreement with the SSE results in Pt/BiGa:LuIG films in the same T range [29, 54] (see Sec. B of SM, where the details on the determination of peak intensity and field are described [47] ).
We found the magnon-polaron peak structure appears also when the magnon branch tangentially touches the LA-phonon dispersion. Figure 5(b) shows the H dependence of ∆V TC at T = 100 K for ∆J c = 10.0 mA and µ 0 H < 1. 8 T [55] . Interestingly, in addition to the peak at µ 0 H TA ∼ 0.16 T, a similar peak structure manifests at µ 0 H peak,2 ∼ 1.0 T on top of the background signal, as marked by the blue and red triangles, respectively. Here, the overall negative slope in the background is due to the reduction of SPE by the field-induced freeze-out of the magnons [38, [50] [51] [52] . The peak-field value H peak,2 is again in reasonable agreement with those we have measured for the magnon-polaron SSE in Pt/BiGa:LuIG at the magnon−LA-phonon touching field H LA [Fig. 5(a) ] [29] , indicating that the peak at H peak,2 is originated from the magnon polarons induced by the coupling between magnons and LA-phonons in BiGa:LuIG. The result further corroborates that the SPE is enhanced by the magnon-polaron formation.
The appearance of the peaks in the SPE can be understood in terms of the enhanced lifetime of spin current by the magnon-phonon hybridization in a similar way as the SSE [10, 11, 29] . Assuming that the phonon lifetime is longer than the magnon one, the spin current carried by the hybridized modes exhibits a longer lifetime than pure magnonic spin currents [10, 11] . Hence, in the presence of the hybridization, the amount of spin current in BiGa:LuIG that reaches the interface and interacts with electrons of Pt can be increased, which reinforces the SPE. The effect is maximized when the magnetic field is tuned to the touching condition H TA(LA) , since the magnons and phonons can be hybridized over the largest volume in k-space [11] ), which shows up as the peak structures in the SPE signal at H TA(LA) .
IV. CONCLUSION
To summarize, we observed anomalous peaks in Hdependent SPE signals in a Pt/BiGa:LuIG system. The anomalies appear at the onset H values for hybridized magnon-phonon excitations (magnon-polaron formation), at which the magnon and phonon branches in BiGa:LuIG touch with each other. The observed peaks can be interpreted as the enhanced spin current caused by its lifetime increase due to the hybridization between magnons and long-lived phonons in BiGa:LuIG, which leads to the increased heat-current generation in the SPE. Future works should address the experimental validity of the Onsager reciprocity [11, 40, 43] for the magnon-polaron peaks between the SPE and SSE. Furthermore, exploring the continuous BiGa:LuIG thickness dependence of the SPE via thermography [44] may be interesting to determine the length scales for magnonpolaron formation (magnon-phonon conversion) [24] and propagation [11] from the interface.
